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Abstract
One of the defining characteristics of Active Galactic Nuclei (AGN) is the variations
observed in their fluxes. In this thesis, we present the first attempt to select AGN using
long-term near-infrared (NIR) variability. By analysing the  -band light curves of all
the galaxies in the UKIDSS Ultra Deep Survey (UDS), the deepest NIR survey over ∼ 1
sq degree, we have isolated 393 variable AGN candidates. In order to minimise any con-
tamination, known galactic stars were removed from the catalogue before the selection
was run, and we took care to suppress any spurious variations due to atmospheric seeing.
A comparison to other selection techniques shows that only half of the variable sources
are also selected using either deep Chandra X-ray imaging or IRAC colour selection,
suggesting that using NIR variability can locate AGN that are missed by more standard
selection techniques. In particular, we find that long-term  -band variability identifies
AGN at low luminosities and in host galaxies with low stellar masses, many of which
appear relatively X-ray quiet.
We then present how the variability selection can be extended to also select AGN
from analysis of the -band light curves. Through this analysis, we showed that a
further population of AGN is found using this bluer waveband. When this new sample is
combined with those selected in the  -band, we select a total of 595 variable AGN: 177
of these are selected as variable in both bands, 230 are only variable in the -band, and
188 are only variable in the  -band. By comparing these three populations of AGN, we
discovered that their host galaxies have systematically different properties. In general,
those detected as variable in both bands are bright, quasar-like AGN, those selected in
 are hosted in bluer galaxies, and the  -band only sample have redder, more passive
galaxy colours. In particular, a subset of variables only selected in the  -band have
properties consistent with dust-obscured AGN.
Once we had obtained this combined sample of AGN that vary in the NIR, we went
on to examine the light curves themselves. Information on the structure around AGN
has long been derived from measuring lags in their varying light output at different
xiii
wavelengths. In most accretion disk models we predict that the infrared light emerges
further from the central black hole than the optical light, potentially even probing
reprocessed radiation in any surrounding dusty torus. In practice, this has proved
challenging because high quality data are required to detect such variability, and the
observations must stretch over a long period to probe the likely month-scale lags in
variability. In addition, large numbers of sources would need to be observed to start
searching for any patterns in such lags. Here, we show that the UDS, built up from
repeated observations over almost a decade, provides an ideal data set for such a study.
For 96 sources identified as strongly-varying AGN within its square-degree field, we
find that the  -band light curves systematically lag the -band light curves by an average
of around a month. The lags become smaller at higher redshift, consistent with the band
shift to optical rest-frame emission. The less luminous AGN also display shorter lags,
as would be expected if their physical size scales with luminosity.
xiv
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The study of Active Galactic Nuclei (or AGN) has been a rapidly growing area since
the late 20th century, although the phenomena associated had been observed as far back
as 1909 (Fath, 1909). The term "active galactic nucleus" or "active galaxy" refers to a
galaxy where the nucleus is extremely bright, and this brightness is thought to be caused
by a black hole at the centre of the galaxy actively accreting matter.
AGN are a particularly interesting area of research as they are some of the most
extreme astrophysical environments. Studying how AGN evolve over a range of lumi-
nosities, redshifts, and wavelengths can provide insights into how the universe evolved,
how galaxies have evolved, and how accretion onto a black hole actually works.
In this introduction, we will summarize our current understanding of AGN, while
indicating the developments that led to this knowledge. We start with a general intro-
duction to AGN before moving on to discuss the particular focus of this thesis: AGN
variability.
1
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1.1 General Introduction to AGN
Black holes (BHs) are regions of space-time from which nothing can escape, not even
light, and their existence has been hypothesized for hundreds of years. The idea that there
are regions where light would be unable to escape was initially presented in Mitchell
(1784). Mitchell used Newtonian physics to show that, if a star was sufficiently dense
and large, its escape velocity would be greater than the speed of light. However, at
this time, it was thought that light was made up of particles rather than waves. In
the early nineteenth century, it became clear the light had wave-like behaviours and
therefore interest in BHs waned as it was thought that light waves would not be affected
by gravitational pull.
It was not until Einstein developed his theory of general relativity (Einstein, 1916),
and showed that light is affected by gravity, that BHs once again became an interesting
area of study. The field equations in Einstein’s work were solved later the same year
by Karl Schwarzschild, who showed that there was a radius within which light could
not escape (Schwarzschild, 1916). However, the nature of the Schwarzschild surface
was not understood until 1958, when David Finkelstein described it as an event horizon
(Finkelstein, 1958), and the term "black hole" was not used until the late 20th century.
Black holes come in a wide range of sizes, from solar-mass black holes up to the
super-massive black holes (SMBHs) that are thought to be at the centre of most galaxies.
Extensive optical monitoring of the centre of our galaxy has allowed the orbits of stars
to be accurately measured, and these results show that there is, indeed, an invisible mass
affecting these orbits (e.g. Gillessen et al., 2009). This monitoring started in the early
1990s and has been continuing ever since, and these results were awarded the 2020
Nobel Prize in Physics. Similar patterns have been seen in other galaxies, suggesting
that a SMBH is a common feature of galaxies.
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Figure 1.1: The first image of the event horizon around the BH at the centre of M87.
The image was released by the Event Horizon Telescope Collaboration in April 2019
(The Event Horizon Telescope Collaboration et al., 2019)
In recent years, there has been a wealth of observational evidence for black holes,
including the orbital measurements described above. The recent Event Horizon Tele-
scope (EHT) image of the BH at the centre of M87 (Figure 1.1, The Event Horizon
Telescope Collaboration et al., 2019) was one of the most compelling and impressive
pieces of evidence. In addition, the first detection of gravitational waves using LIGO
(Abbott et al., 2016), followed by the first detection of their electromagnetic counterparts
(Abbott et al., 2017), have confirmed Einstein’s predictions.
In the mid 20th century, interest was also growing in a class of galaxies with unusual
properties. Seyfert (1943) showed that there were strong, broad emission lines in the
nuclei of six galaxies, which became known as "Seyfert galaxies", but this discovery
went largely unnoticed until Baade &Minkowski (1954) realised that these spectra were
similar to the spectrumof the bright CygnusA radio source. Schmidt (1963) then showed
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that 3C 273 was a stellar-like radio object but at a redshift of 0.16, and objects like this
became known as quasi-stellar radio sources or "quasars"1. Although stellar-like radio
sources had been discovered before this, these had been dismissed as stars within our
galaxy. In the following years, more quasars were identified with higher redshifts and it
was understood that they are the extremely bright nuclei of active galaxies, which is why
they became known as active galactic nuclei or AGN. As our understanding of quasars
developed, it became clear that Seyfert galaxies were less luminous quasars, where the
nucleus does not outshine the galaxy and therefore they are not stellar-like. The AGN
have high excitation emission lines that cannot be related to stellar processes, which are
now accepted to be due to the presence of a SMBH that is actively accreting matter at
the centre of these galaxies.
1.1.1 Structure of AGN
While there are many different observed types of AGN (see Padovani et al., 2017, for
a summary table), it is thought that all AGN have the same basic structure and the
differences in the observed features is largely due to the observation angle. This is
known as the unified model of AGN and was first presented in Antonucci (1993). The
model suggests that AGN are made up of an accretion disk, a hot corona of relativistic
electrons around the accretion disk, gas clouds that create broad emission lines in the
spectra, a torus of obscuring dust, and sometimes relativistic jets. A schematic of
this model is shown in Figure 1.2, and Figure 1.3 shows how the emission across the
electromagnetic spectrum is thought to relate to particular regions of the AGN.
Accretion disks are found in a wide variety of astronomical objects, including
protostars, X-ray binaries, and other binary stars, and are associated with efficient
1While historically "quasar" only referred to bright radio AGN, in this thesis the term is used for all
bright AGN.
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Figure 1.2: Schematic of the unified model of AGN, taken from Beckmann & Shrader
(2012). This shows the main features of the AGN that thought to explain the charac-
teristics we observe. It also indicates how the viewing angle can influence the type of
AGN observed. "Seyfert 1" and "Seyfert 2" galaxies here are the same as "Type I" and
"Type II" AGN.
accretion processes. The accretion disk is the main energy source in an AGN and is
largely responsible for determining its observational characteristics. The disk forms
when gas falls into the centre of the galaxy while maintaining its angular momentum.
The viscosity of the disk then dissipates thatmomentum, causing the gas to spiral towards
the central SMBH. The gravitational energy lost is then transferred into electromagnetic
radiation, causing the large luminosities we observe (Netzer, 2013). AGN accretion
disks are thought to be optically thick (i.e. they have a high column or surface density)
and geometrically thin, and they are observationally evident in the "big blue bump"
of the AGN SED in the optical/UV wavebands (Figure 1.3). It should be noted that
accretion disk physics is not settled as it is considered by some to be too simplistic to
explain phenomena such as extreme variability (Lawrence, 2018).
The X-ray emission from AGN is thought to originate from a hot corona above
1.1. General Introduction to AGN 6
Figure 1.3: A schematic representation of an AGN Spectral Energy Distribution (SED),
taken from Harrison (2014). The black solid line represents the total emission, while
the coloured lines indicate how each region of the AGN contributes to this overall SED.
and below the accretion disk. The photons emitted from the disk are inverse Compton
scattered by relativistic electrons in this envelope of gas, driving the emission to change
from optical/UV to X-ray wavelengths. This model also explains the power-law shape
of the X-ray spectra of AGN, as the spectral emissivity from inverse Compton scattering
is proportional to the photon frequency (e.g. Blumenthal & Gould, 1970).
Surrounding the accretion disk and X-ray corona, in the region known as the "broad
line region" (BLR), there are gas clouds that are gravitationally bound to the SMBH.
These clouds move at high speeds, and hence emission lines from this region are broad.
In addition, the emission lines from this region are permitted lines, which suggests that
the density is high enough to suppress forbidden lines. There is also a "narrow line
region" (NLR) that extends beyond the gravitational influence of the BH, where the
emission lines are narrow as they are not broadened by the movements of the gas clouds.
1.1. General Introduction to AGN 7
Spectra from this region also show forbidden emission lines, suggesting it has a lower
density then the BLR. In order to "unify" the different types of AGN, in particular the
type I (broad line) AGN and type II (narrow line) AGN, it is thought that the BLR is
surrounded by a torus of dust that blocks the BLR from view if the AGN is observed
from certain angles (see Figure 1.2). This torus emits in the infrared (IR) wavebands as
the light from the BH and accretion disk heats the dust.
The final component to the unified AGN model is the presence of relativistic jets.
These are needed to explain AGN with large radio and gamma-ray luminosities. These
originate close to the BH and the variations in the radio/gamma properties can be
explained based either on the viewing-angle of the jet or the lack of a jet if there is little
or no radiation in these bands.
It should be noted that the internal structure of AGN is not known. Here we have
discussed the cartoon unified model of AGN proposed in Antonucci (1993) as this is a
useful guide for considering the physical implications of any results. However, obser-
vations are generally raising more questions about the model, rather than confirming it
(e.g. Lawrence, 2012, 2018).
1.1.2 Finding AGN
There are a number of features that are typical to AGN, which can tell us about their
structure and help us identify AGN in the large scale surveys that make up a large
proportion of observations in modern Astronomy. As the Spectral Energy Distribution
(SED) of AGN emits at all wavelengths (Figure 1.3), which is a unique feature in itself,
we can observe and select AGN across the entire EM spectrum. Each waveband allows
us to study a different element of the AGN, and selecting in all wavelengths shows us
the wide variety of AGN types that exist in the Universe.
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While the SED shows that there is emission from AGN in all wavebands, the
emission in X-rays is particularly bright (Elvis et al., 1978). In fact, AGN dominate deep
X-ray surveys and therefore these surveys can be used to find AGN. Stars are the main
contamination source in this selection so, as long as these are identified and removed,
deep X-ray imaging provides a relatively clean sample of AGN.
At other wavelengths, selecting AGN becomes more challenging as bright sources
are not necessarily AGN. Optical selection of AGN typically uses colour diagnostics,
such as the color-color diagrams shown in Figure 4 of Richards et al. (2001) or the*−
definition given in Schmidt & Green (1983). Unfortunately, these diagnostics tend to
have a large amount of contamination, and therefore follow up spectroscopy is generally
needed to determine if these sources are definitely AGN.
Due to the dip in the SED of AGN at near-infrared (NIR) wavelengths, AGN are
not usually selected in this regime. Instead, IR selection tends to occur in the mid-
infrared (MIR), and are once again based primarily on colour diagnostics. The exact
selection criteria differ depending on the telescope being used (see Padovani et al., 2017,
Table 2 for a summary of criteria). Unfortunately, these methods can also be highly
contaminated as the colours are not unique to AGN.
Radio observations are also widely used to select AGN, as they are some of the
brightest radio sources. There are numerous types of radio AGN, but generally follow
up in other wavebands is needed to robustly categorise them (see Padovani et al., 2017,
and references therein). The main alternative source of radio emission is supernova
remnants, and therefore the main contamination in radio AGN selection comes from
star-forming galaxies (e.g. Condon, 1992).
One of the only ways to be certain that we are looking at an AGN is to examine the
spectrum of the object, as AGN have some very distinctive features to look for. Exactly
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what features you will see will depend on the type of AGN that you are observing.
For instance, quasars and type I AGN have particularly distinctive broad emission
lines in their spectra. Generally, AGN have significant line emission, due to high
excitation transitions within the AGN, but weak emission from the polycyclic aromatic
hydrocarbons (PAHs) and hence the PAH lines are used to distinguish AGN from
starburst galaxies (Genzel et al., 1998; Laurent et al., 2000; Weedman et al., 2005).
Finally, and most importantly for this thesis, the continuum and line emission from
AGN varies over time, and AGN can be selected based on this characteristic. More
detail on AGN variability across the electromagnetic spectrum is given in Section 1.2.
1.2 AGN Variability
Variability has been a known feature of AGN since they were first discovered (e.g.
Angione, 1973), and studying the light curves of AGN allows us to probe their innermost
regions. These scales are almost impossible to resolve with current telescope facilities,
although recently the Event Horizon Telescope imaged the event horizon of a black hole
for the first time (Figure 1.1 The Event Horizon Telescope Collaboration et al., 2019).
However, this can only be used to observe relatively nearby black holes, and therefore
AGN variability is still the best way to resolve these inner regions for the majority of
black holes.
Information about the emitting regions of AGN can be determined from a light
curve of a single waveband. In particular, the emitting region (') can be related to the
characteristic timescale of variability (CE0A) using
' ≤ 2ΔCE0A (1.1)
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(e.g. Terrell, 1967), as a region larger than this could not produce variability on these
timescales because the outer reacheswould not be causally connected. Aswe are probing
timescales of years in the majority of this thesis, this implies we are probing a region
∼ 0.5 pc from the central black hole. In addition, examining how variability changes
at different wavelengths can help develop a more detailed picture of how the internal
components of AGN interact. For instance, we know that the timescale for variability
increases as the wavelength increases; variations in X-ray light are seen on timescales
of minutes to hours, while in the optical wavebands, variability only becomes clear over
days to months. This implies that the X-rays are being emitted from a region close to
the central black hole, whereas the optical light comes from further out.
If the comparison is taken further, and we directly compare light curves produced at
different wavelengths, we can see whether the variability is correlated between different
regions of the AGN. If the variability is correlated, this implies that the source of the
variability is connected across the structure. In addition, if there is a delay in the
correlation, for example the X-ray flux changes and then the optical fluxes changes some
time later, then it is likely that the variability started in the X-ray corona and was then
reprocessed into the optical accretion disk (assuming the unified model is correct). The
length of that lag tells us how long that light took to reprocess, and comparisons to the
lags predicted by various AGN models could help further our understanding of their
structure.
The differing timescales mentioned above mean that variability studies are very
different depending on which waveband is being examined. Here we will discuss what
is known about AGN variability at various wavelengths, along with any previous work
on using variability to select AGN. This approach is particularly attractive because AGN
are usually selected based on X-ray emission or their colours (see Section 1.1.2), but
using variability allows us to find unusual AGN that would be missed by these methods.
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1.2.1 X-ray Variability
Variability is easy to study in the X-ray regime as the timescale of variability (minutes–
hours) is observable within observations of only a few hours. This ease of observing,
along with readily available and well sampled long-term monitoring, has allowed us to
develop a good understanding about the X-ray variability of AGN at low redshifts. In
fact, the majority of our current understanding of variability comes from the long term
monitoring of AGN in the X-rays.
X-ray variability is thought to originate from independent flaring events in the hot
corona of relativistic electrons (e.g. Almaini et al., 2000). This is evidenced in the well
documented inverse relationship between variability amplitude and luminosity (e.g.
Lawrence & Papadakis, 1993), as small variations due to independent flares will have
less of an impact on the overall luminosity of a highly luminous AGN.
A significant feature of AGN variability is its "red noise" power spectral density
(PSD), this means that the variability has larger amplitudes over longer timescales (e.g.
Lawrence et al., 1987). Detailed studies of the X-ray PSD of AGN (such as Uttley et al.,
2002; Edelson & Nandra, 1999) have shown that there is a characteristic shape for X-ray
AGN PSDs, which is a steep slope of ∼ −2 on short timescales, that flattens to a slope
of ∼ −1 at a "break frequency". The break frequency is thought to be caused by a
physical process occurring at a certain radius but there is no definitive view as to what
that process is. This is because there are many processes that have similar timescales
and there are a number of unknowns within accretion disk physics (such as the scale
height) that make it difficult to constrain the cause. McHardy et al. (2006) showed that
the break frequency decreases with increasing black hole mass, a characteristic that links
AGN to stellar mass black holes in X-ray binary systems. This similarity suggests that
the variability in both systems could be caused by the same underlying physics.
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1.2.2 UV/Optical Variability
Until recently, studying the variability of large numbers of optical AGN was difficult,
as fields were rarely monitored for extended periods, and if repeat measurements were
taken data was irregular and patchy. Early optical variability studies, such as Peach
(1969) and Lu (1977), focused on the light curves of single, nearby AGN. However, as
data becomes more readily available, studying the optical variability of large samples
of AGN is a growing research area. Large surveys like the Sloan Digital Sky Survey
(SDSS) can be used to identify variable quasars, as demonstrated by Butler & Bloom
(2011) and MacLeod et al. (2016) among others, and dedicated variability studies such
as those by Sanchez et al. (2016) and Caplar et al. (2017) are providing insights into the
optical variability of known AGN.
These studies have started to show that the UV/optical PSD does not follow the
universal shape discussed in Section 1.2.1; instead the PSD slope at high frequencies
is steeper and the break frequency is higher with no dependence on BH mass. One of
the most interesting discoveries in this regime are the inter-band lags of ∼ 1 day, where
the red wavebands lag the blue (e.g. Sergeev et al., 2005). These timescales seem to
support the hypothesis that the variability originates in the X-ray before propagating out
through the accretion disk (e.g. Cackett et al., 2007; Edelson et al., 2015). However
the amplitudes of variations seen in some sources are too large to be attributed to
reprocessing (e.g. Arévalo et al., 2009; Lawrence, 2018).
Other studies, such asMcHardy et al. (2014), have correlated optical with X-ray light
curves to determine where the variability comes from, and how it propagates through
the AGN. On short timescales (days-weeks), optical variability is thought to be caused
by reprocessing of the X-ray variability into the accretion disk, as optical variations have
been seen to follow the X-ray variations on timescales that correlate with the light travel
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time from the X-ray corona to the accretion disk. In addition, the lags have been shown
to increase with wavelength (lag ∝ _∼ 43 ), as expected from accretion disk modelling.
The reprocessing is thought to occur when the change in the X-ray corona illuminates
the accretion disk, which causes its temperature (and therefore its luminosity) to change.
On long timescales (months-years), optical variations do not generally follow the X-ray
patterns (e.g. Arévalo et al., 2009; Uttley et al., 2003), and therefore this variability
is thought to be caused by accretion variations in the disk, especially as long-term
variability occurs on viscous timescales.
1.2.3 Near-infrared Variability
NIR variability is particularly interesting as it probes rest-frame red optical light at high
redshifts, allowing comparisons to variability in the local universe. In addition, rest-
frame NIR light has been shown to originate in both the accretion disk and the dusty
torus (Lira et al., 2011; Landt et al., 2011). Previous NIR studies have generally either
used observations of previously known AGN to confirm that AGN do vary in the NIR
(e.g. Enya et al., 2002) or used ensemble variability to characterise the variations (e.g.
Kouzuma & Yamaoka, 2011).
Some of the longest NIR AGN light curves studied to date are presented in Neuge-
bauer et al. (1989) and Sánchez et al. (2017). Neugebauer et al. (1989) explored the NIR
variability of individual AGN by using a number of different datasets to construct light
curves spanning an average of 6 years, with some covering up to 20 years. Sánchez et al.
(2017) examined the NIR light curves of individual AGN over approximately 5 years,
using photometric data from the UltraVISTA survey (McCracken et al., 2012). In both
cases, the AGN were selected in different wavebands: Neugebauer et al. (1989) used
optical selection, while Sánchez et al. (2017) studied a sample of X-ray selected AGN.
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The origins of rest-frame NIR variability are not yet understood, although the
timescales of the variations (months-years) suggest that they arise from viscous pro-
cesses or a large torus, as these timescales are too large for the variations to be attributed
to simply the reprocessing of X-ray variations in an accretion disk. Studies of lags
between NIR wavebands and optical or X-ray wavebands, such as those presented in
Lira et al. (2011, 2015), show lags varying from a few days to a few months. These
differences were attributed to differences in BH mass, and to whether a torus is thought
to be present in the system. This shows that, while studies of individual AGN allow us
to understand that particular source in great detail, the underlying physics of one system
might not hold in a system with different properties. A systematic study of a large
sample of NIR AGN light curves is needed to discover if there is a typical lag length,
and what this could tell us about the AGN population as a whole.
Selection by NIR variability had not been attempted prior to the publication of
Chapter 2 in Paper I. This is because a survey with a long baseline of observations,
approximately 5 to 10 years, is required to detect the high amplitude variations. In
addition to this, deep data is needed to allow the detection of faint, high redshift objects
and studies of small amplitude variability, and a wide survey area is necessary in order
to find rare types of AGN from just the variability data.
1.3 Thesis Structure
This thesis investigates selecting AGN through their long-term variability in the NIR,
before going on to discuss the properties of these variable AGN.
• In Chapter 2, we describe the UKIDSS Ultra Deep Survey (UDS) data used in
this thesis. This dataset included photometric and spectroscopic catalogues in
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addition to stacked images. We describe the image processing that was applied to
the stacked images to prepare them for variability analysis, and the measurement
of accurate photometric uncertainties. Finally, we outline the selection method
for finding AGN based on their long-term variability in the  -band. This work is
published in Paper I.
• In Chapter 3, we discuss how the  -band variability selected AGN compare to
AGN selected in the X-rays and MIR. This work is also published in Paper I.
• In Chapter 4, we extend the selection method described in Chapter 2 to also select
variables in the -band. We will complete a comparison to the X-ray selected
AGN, and then compare the -band selected variable AGN to the  -band selected
variable AGN to determine if there are differences between the AGN selected in
each band.
• In Chapter 5, we extend the data preparation steps discussed in Chapter 2 to
produce light curves on monthly timescales. We then use the short timescale
light curves to investigate correlations between the - and  -band light curves,
and to determine if there are any lags between them. This work was published in
Paper II.
• In Chapter 6 we summarise our results, present the conclusions from this work,
and discuss what future work on this topic could involve.
Throughout this thesiswe adopt aΛCDMcosmologywith0 = 70 kms−1 Mpc−1, ΩΛ =
0.7, Ω< = 0.3.
Chapter 2
Selecting AGN using Long-term
K-band Variability
In this chapter we present the first attempt to select AGN using long-term near-infrared
(NIR) variability. By analysing the -band light curves of all the galaxies in theUKIDSS
Ultra Deep Survey (UDS), the deepest NIR survey over ∼ 1 sq degree, we have isolated
a sample of variable AGN candidates through a j2 analysis. We will discuss the UDS
data as a whole (Section 2.2), as well as the specific image preparation steps required
to produce light curves suitable for variability analysis (Section 2.2.1), before finishing
with the details of the selection technique in Section 2.3.
2.1 Introduction
There are a variety of methods that can be used to select Active Galactic Nuclei (AGN)
from pre-existing catalogues, using both photometric (e.g. Stern et al., 2005; Lacy et al.,
2004, 2007) and spectroscopic (e.g. Feltre et al., 2016) criteria, and each of them has
both strengths and weaknesses. For example, some methods are geared towards low
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redshift samples, and can become highly contaminated at high redshifts (Donley et al.,
2008). Padovani et al. (2017) gives an overview of identification techniques across the
electromagnetic spectrum, and their selection effects. Selecting AGN through X-ray
emission is generally accepted to be the most complete method. However, deep X-ray
surveyswill miss heavily obscuredAGN, and are expensive as they require long exposure
times on premium telescopes, such as Chandra.
It is well established that the light fromAGN changes over time (e.g. Angione, 1973).
This characteristic can be used to select AGN, and to study the physics of the system
on scales that are difficult to resolve with standard observational techniques. Selection
by variability has been previously undertaken in the optical/UV (e.g. Pouliasis et al.,
2019; Sánchez-Sáez et al., 2019) and X-ray (e.g. Young et al., 2012) regimes. Section
1.2 provides more details of previous variability studies across the electromagnetic
spectrum.
As discussed in Section 1.2.3, selection by NIR variability has not previously been
attempted due to the long-term nature of the variations. The majority of variations in
the NIR light curves of AGN are only expected to be observable from year to year (e.g.
Neugebauer et al., 1989). Although there is evidence of small amplitude variations on
shorter timescales (e.g. Sánchez et al., 2017), AGN variability typically has a red noise
power spectrum so the largest amplitude variations are seen over long timescales (e.g.
Lawrence et al., 1987). As such, selection through NIR variability on long timescales
ought to provide a relatively clean sample of AGN, and in principle ought to be less
sensitive to dust obscuration compared to optical/UV techniques; the main contaminants
are expected to be variable stars and supernovae.
The United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey
(UKIDSS) Ultra Deep Survey (UDS) is the perfect data set for a study of this kind.
The long baseline probes the timescales where previous works have found interesting
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variability, and, as the deepest NIR survey over such a wide area, it is deep enough to
find faint AGN, while still covering a large enough area to find rare objects amongst the
AGN population.
This chapter focuses on selectingAGNusing only their variability in the NIR, and the
selection method is presented in Section 2.3. The unique nature of the UDS, combined
with removing any prejudice introduced by prior selection techniques, means that this
study can probe AGN in ordinary host galaxies as well as bright quasars.
2.2 Data
The UDS provides a unique data set for studying NIR variability of AGN. In addition
to being the deepest NIR survey over 1 deg2, with a 5f detection limits of  = 25.6,
 = 25.2 and  = 25.3 (AB), the UDS has an unprecedented 8 year baseline for time
domain studies with data taken between September 2005 and November 2012. The field
is also well studied in a wide range of wavebands, including X-ray imaging of the whole
field to a depth of ∼ 10−15 erg cm−2 s−1 with XMM (Ueda et al., 2008), deep Chandra
imaging of the centre of the field (;8< ∼ 10−16 erg cm−2 s−1 Kocevski et al., 2018),
and imaging in all four bands of the Spitzer Infrared Array Camera (IRAC, Fazio et al.,
2004; Dunlop et al., 2007).
The photometric redshifts were determined using the deep 12-band photometry
available in the UDS field (*, ,+, ', 8′, I′, . , , ,  , 3.6, 4.5), based on the method
outlined in Simpson et al. (2013). A wide range of galaxy templates were used, using
simple stellar populations from Bruzual & Charlot (2003), with fitting completed using
the EAZY software (Brammer et al., 2008). The resulting photometric redshifts were
then used to derive other galaxy properties, such as luminosities and stellar masses.
Further details will be provided in Almaini et al. (in prep) and Hartley et al. (in prep).
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The near-infrared imaging in , ,  was obtained using the Wide Field Camera
(WFCAM; Casali et al., 2007) at UKIRT. A single WFCAM observation of the UDS
comprises 10s exposures with a 3 x 3 micro-step, in order to increase the pixel resolution
of the images, and a 3 x 3 dither, which offsets the effects of bad pixels and flat-fielding
complications. This adds up to a total exposure time of 810s per observation. As
WFCAM consists of four 13.7 x 13.7 arcmin detectors with 12.9 arcmin between them,
a total of at least 4 observations offset by∼ 13 arcmin is required to cover the whole field.
The total exposure times in J, H and K are 318.5, 203.5, and 476.6 hours respectively.
Further details on the UDS observing strategy can be found in Lawrence et al. (2007)
and Almaini et al. (in prep), and further details on how light curves were extracted from
these images can be found in Section 2.2.1.
In addition to deep photometric data, there has been extensive spectroscopic follow-
up of the UDS field. The main follow-up programme was the UDSz (ESO large
programme 180.A-0776), which used the VIMOS and FORS2 instruments on the ESO
VLT to obtain spectra for > 3500 galaxies (see Bradshaw et al., 2013; McLure et al.,
2013). Furthermore, the field was covered by the VANDELS spectroscopic survey (ESO
programme 194.A-2003, McLure et al., 2018; Pentericci et al., 2018), providing ∼ 780
VIMOS spectra, and a follow up of post-starburst galaxies using VIMOS has also been
completed, providing ∼ 100 additional spectra (Maltby et al., 2016). A further ∼ 4000
spectroscopic redshifts are provided from archival data, details of which can be found
in Simpson et al. (2012) and references therein.
2.2.1 Light Curve Preparation
The images used in this analysis were stacks of all acceptable  -band observations taken
during one semester of observing. The stacks were created from an adapted version
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of the SWARP software (Bertin et al., 2002), and only observations that met strict
quality controls were included. These controls included restrictions on values of seeing,
ellipticity, zero-point and noise, and reduced the exposure times quoted in Section 2.2
by approximately 10%. The quality controls, and the SWARP parameter files, were
carefully put together by the UDS team, see Almaini et al. (in prep) for more details.
We chose to complete this initial study on semester stacks as using the stacked semester
images allows us to probe faint, high redshift objects, and preliminary tests revealed
that the majority of the variability could be seen on those timescales. This is expected
as AGN variability follows a red noise pattern where the largest amplitude variability
is seen on longer timescales (e.g. Lawrence et al., 1987). In addition, probing shorter
timescales would considerably increase the amount of contamination by supernova and
other variables. The  -band was chosen for this initial selection as the data was taken
in the best seeing, it has the longest exposure time, and it is the deepest band for the
selection of typical high-redshift galaxies. In Chapters 4 and 5, we extend this selection
technique to the -band data.
Before the photometry could be extracted from each stack and a light curve con-
structed, the stacks had to be processed to reduce potentially contaminating sources
of variability. The steps involved in this data preparation are detailed below and in-
volve cleaning the image, homogenising the seeing across the stacks, extracting the
photometry, and finally determining accurate photometric uncertainties.
2.2.1.1 Cleaning
The first step in the data preparation was to clean the images. The cleaning aims to
smooth the background, and remove defects such as remnants (when observing a bright
star in the previous pointing has left a dark spot on the current observation) and striping
in the WFCAM image background produced by the detector electronics. The code,
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(a) Image stack of the 08B semester before
cleaning.
(b) Image stack of the 08B semester after clean-
ing.
Figure 2.1: Demonstration of the improvement from cleaning the image stacks.
developed by William Hartley, involves using the segmentation map outputted from
Source Extractor (SExtractor, Bertin & Arnouts, 1996) to identify regions of the field
where there are no sources, then cleans this area using a cross-shaped median filter. This
shape was chosen as it efficiently removes the striping seen in these deep NIR images.
Figure 2.1 demonstrates the improvement from cleaning the image stacks.
2.2.1.2 Convolution
In order to ensure that the variations seen in the light curves of objects are truly those
of the observed object, any other sources of variation must be taken into account. The
main source of variations between semester stacks is changes in the point spread function
(PSF). In order to minimise this effect, each stack was convolved with a Gaussian kernel
to match the PSFs to the semester with the poorest PSF, which was the 2010B stack.
The PSFs were constructed by creating a 59 px x 59 px image of the median star
based on a sample of ∼ 2000 stars in the magnitude range 15 <  20A2B42 < 19. These
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Figure 2.2: A schematic view of the manner in which PSF images were constructed
criteria were chosen to give a clean sample of unsaturated, point-like stars. The median
image was created by finding the median value for each pixel across all of the stars, after
the stars had been normalised. This process is visualised in Figure 2.2.
Once the PSFs had been constructed for each stack, the stack with the worst seeing
was identified as the one with the largest mean FWHM, as determined from SExtractor.
The value of f for the Gaussian kernel then needs to be calculated. Originally, the f of








where f08< is the f of the semester with the widest FWHM and f%( is the f of the
semester whose PSF is being matched.
It was found that using this f:4A=4; did not match the PSFs of the convolved images.
This was likely because the PSFs are not perfectly Gaussian. Therefore, an extra factor










The value of 4GCA0 is individual to each stack and was determined by running a trial
convolution on the PSF image. For each possible value of 4GCA0, a convolution kernel
with the related f:4A=4; was created and convolved with the PSF image. A radial profile
of this was then determined, and compared to the radial profile of the aim PSF image.
The value of 4GCA0 that produced a convolved PSF with the least difference between
radial profiles was chosen. The convolution was then run on the full stacks, and the new
stacks’ PSFs were compared to ensure that the convolution had worked as expected.
The impact of this convolution is best visualised by examining the differences be-
tween radial profiles of the PSFs before and after convolution. Figure 2.3 shows that
before the  -band semester stack convolution there are large differences between the
radial profiles, especially around the central peak, but these differences are largely elim-
inated by the convolution. The improvement is also quite clear when you compare the
FWHM values of the PSFs before and after the convolution.
2.2.1.3 Image Extraction
As the UDS field is only visible in the second semester of a year, there are a total of
8 epochs across the whole survey. Unfortunately, not enough observations were taken
in the 2006B semester (Figure 2.5), and therefore the image is dominated by noise.
Accordingly, 2006B was not included, and the final analysis was undertaken using 7
epochs spanning 2005 to 2012. Photometry was extracted from these stacks by placing 2
arcsec apertures at the position of every object identified in the final DR11 image of the
UDS using the SExtractor software. A 2 arcsec aperture was chosen as it is optimises
the trade off between the aperture being large enough to minimise the effect of changing
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Figure 2.3: The difference between the radial profiles of the PSFs in each semester
relative to 10B, before (top) and after (bottom) convolution. The PSFs were created
using ∼ 2000 stars in the magnitude range 15 <  E460 < 19. The differences seen in
the top panel are drastically reduced by the convolution.
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Figure 2.4: The difference between the full width half maximum values of the semester
PSFs before and after the convolution.
seeing on the light curves, and small enough to minimise dilution of the variability by
the host galaxy.
The zeropoints of the UDS images were calibrated from 2MASS stars, and were
verified against other deep surveys in the field (see Almaini et al., in prep, for details).
If there are residual variations in zeropoint between the semester stacks, these would
be taken into account in the determination of photometric uncertainties described in
Section 2.2.1.4.
2.2.1.4 Photometric Uncertainties
As the photometric uncertainties from SExtractor are typically underestimated (Molino
et al., 2014; Sonnett et al., 2013), we instead use uncertainties that were self-calibrated
from the data. The method used was tailored to take into account any remaining
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Figure 2.5: Bar chart to show the number of 810s observations included in each semester
stack. The numbers at the top of the bars indicate the  -band 5f detection limits in
AB magnitudes for each of the semester stacks. The 06B semester did not have enough
observations to be included in the analysis.
variations due to noise or systematic effects. In order to ensure these effects were
incorporated into the uncertainties, we used the spread of flux values in the non-varying
sources to provide a direct estimate of the uncertainty on the flux. The varying sources
were excluded from the analysis by modelling the uncertainties as the characteristic
variancewith flux, and running a preliminary j2 analysis to remove thosewith significant
variability. This process was then iterated to ensure the model wasn’t skewed by the
varying sources. The light curves of non-varying sources were then normalised and split
into bins of flux (determined from the overall stack, with widths equivalent to Δ<06 =
0.1), epoch and quadrant. Within each bin, the standard deviation of the normalised flux
values then provided the calibrated photometric uncertainty on any object in that bin.
This process and the improvement from SExtractor errors is demonstrated in Figure 2.6.
Examples of the resulting light curves with these uncertainties are shown in Figures 2.7
and 2.8.
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Figure 2.6: The distribution of flux values within a single quadrant, epoch and flux
bin. The red solid line indicates the Gaussian fit to the data when the self-calibrated f
value is used. The blue dashed line shows the Gaussian fit using the median f value
outputted from SExtractor in that bin.


















Figure 2.7: An example of a non-variable light curve with j2 = 4.26.
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Figure 2.8: An example of a variable light curve with j2 = 710.03.
2.3 Selection Method
Before the selection was completed the catalogue was masked to exclude regions that
are too close to bright stars or affected by image artefacts, and any objects that had
negative flux values in any semester were removed from the catalogue. We acknowledge
that some of the most extreme variables may be removed in this final step, but for
our purposes we require a visible source in every epoch in order to ensure that our
photometric redshifts are as reliable as possible (see Section 3.1). We also required that
each object had optimal coverage in all 12 photometric bands. Known Galactic stars
were also excluded from the analysis as they are the only other objects expected to vary
on these timescales. These stars were identified using a combination of SED fitting
and image profiling that robustly separates stars and galaxies based on both colours and
morphology (for more details see Simpson et al., 2013, and Almaini et al. in prep); a
total of 5592 objects were excluded. Supernova are unlikely to be a significant source
of contamination on yearly timescales as all but the most extreme cases will average
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out within the semester stack. The original catalogue contains 296,036 sources; this is
reduced to 152,682 sources by these criteria.
The variable source selection method involves constructing a light curve for each








where 8 is the flux of an object in an epoch, ̄ is the average flux of that object across
all epochs, and f8 is the uncertainty on 8. The j2 statistic provides a simple test of the
null hypothesis that a source is non-variable. The complete selection is demonstrated in
Figure 2.9, which shows the distribution of j2 values as a function of flux. A threshold
of j2 > 30 was used to define which sources are considered variable; this value was
chosen as it minimises the expected number of false positives while maximising the
number of variables found. From a j2 distribution with 6 degrees of freedom within
each flux bin, we expect less than one false positive above this threshold. Over the
whole data set, a total of 6 false positives would be expected. When applied to the
reduced catalogue described above, the method found a total of 393 variable sources,
representing a density of ∼ 550/deg2. The spatial distribution of the variables was
checked to ensure they were randomly distributed.
Although this sample does not include any objects identified as stars in the UDS
catalogue, we completed independent colour and morphology tests to ensure there was
minimal stellar contamination. These checks involved quantifying whether the light
profiles of the objects appeared ’stellar’, and using colour-colour plots (such as those
used in Sánchez-Sáez et al., 2019; Lane et al., 2007) to examine whether the variables
had colours consistent with stars. All of the 393 variables had resolved (galaxy-like)
morphologies and optical/IR colours that are not consistent with the stellar locus.
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Figure 2.9: j2 against mean  band flux for all the objects in the UDS field that are
observed in all 7 semesters, the green line indicates the selection threshold.
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2.4 Summary
In this chapter, we have presented a new method of AGN selection using only the  -
band light curves of objects in the UDS. Initially, the data had to be prepped to ensure
that there were minimal systematic variations in the data, this included normalising the
PSFs across all epochs and ensuring accurate photometric uncertainties. The selection
method then involved applying a j2 analysis to the light curves of non-stellar objects
with detections in all 7 epochs. A selection threshold of j2 = 30 was chosen in order
to minimise false detections while maximising the number of variables identified. This
gave a sample of 393 variable AGN across the UDS field.
In Chapter 3 we will investigate how this sample of variable AGN compares to
samples of AGN selected using X-ray and mid-infrared selection techniques. In Chapter
4 we will extend this selection to also select based on the -band light curves, and
examine what difference this makes to the selected AGN. Finally, in Chapter 5 we will
use the image preparation steps outlined in Section 2.2.1 to create light curves using
stacks on monthly timescales, and use these to investigate time delays between the -
and  -band light curves on shorter timescales.
Chapter 3
Investigating AGN Selected Using
Long-term K-band Variability
In this chapter, we examine the population of variable Active Galactic Nuclei (AGN)
selected in Chapter 2. We compare the variable AGN to those selected using deep X-ray
AGN imaging and mid-infrared colours to see if variability selected AGN have any
unique properties. In addition, we will discuss potential sources of contamination in the
sample and how these have been accounted for. This work was published in Paper I.
3.1 Comparison to other AGN populations
3.1.1 X-ray AGN
If a high redshift source is bright in X-rays, there as a very high likelihood that it is
an AGN. As such, deep X-ray imaging is a clean and relatively complete method of
finding AGN in deep sky surveys (Padovani et al., 2017). The main contaminants in
X-ray imaging are stars, but in the UDS the star/galaxy separation is generally reliable,
32
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Chandra Region Full Field
(Chandra) (XMM and Chandra)
X-ray Selected AGN (A) 593 1247
Variability Selected AGN (B) 181 393
% of A that are also B 12% 13%
% of B that are also A 41% 42%
Table 3.1: Summary of the X-ray and NIR-Variable AGN samples. Numbers in each
set are shown for the central region imaged with Chandra and the full field imaged with
both XMM and Chandra.
and therefore stars are easily identified and removed.
The X-ray AGN catalogue was constructed from the deep Chandra imaging covering
the central region of the UDS field (Kozłowski et al., 2016). Within this region,
there are 593 X-ray AGN with associated  -band detections in the DR11 catalogue;
sources were matched between X-ray and NIR data to within 1 arcsec. 74 (41%) of
the 181 variable sources within the Chandra field are in the X-ray AGN sample, which
is convincing evidence that the variability method does detect AGN. This proportion
remains relatively constant if the analysis is extended to include the shallower XMM
imaging of the whole field (167, 42%, of 393 variables), indicating the non-detections
are not biased by the flux limits of the surveys (see Section 3.2.1). The relative numbers
in each sample are outlined in Table 3.1.
Figure 3.1 shows the distribution of stellar masses with redshift for all galaxies in
the UDS. When the X-ray and variable AGN populations within the Chandra region
are highlighted, it is clear that the variability analysis finds AGN across the parameter
space, whereas the deep Chandra imaging only probes the high mass end. A KS test
of the stellar mass distributions confirms that the variable and X-ray populations have
significantly different distributions in stellar mass, with a p-value of 7.8 × 10−13.
In addition, examining the X-ray-to-optical luminosity ratios of both the variable
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Figure 3.1: Stellar mass distribution with redshift showing where the X-ray and variable
AGN populations sit within the parameter space, restricted to only the sources within
the Chandra region. Variability selected AGN are found to occupy a wider range in
stellar mass.
and X-ray AGN populations (Figure 3.2) shows that the variability method selects AGN
that have lower luminosities (also shown in Figure 3.3), and there is evidence that these
variable AGN are systematically X-ray quiet as they have higher U$- values.
This evidence suggests that the AGN selection method presented here finds AGN
that are systematically more X-ray quiet than the Chandra AGN, and therefore probes
a low mass population that the deep Chandra data cannot detect. This results in a set
of AGN that would be missed by the most common AGN selection technique in deep
surveys.
3.1.2 IRAC AGN
The "Stern Wedge" (Stern et al., 2005) is another frequently used method for identifying
AGN, in this case through their IRAC colours. It uses the four IRAC bands to define a
3.1. Comparison to other AGN populations 35
1026 1027 1028 1029 1030 1031






















Figure 3.2: Monochromatic X-ray luminosity at 2 keV against monochromatic optical
luminosity at 2500 Å. The solid line indicates where U$- = 1, and the dashed line shows
U$- = 2, where U$- is the point-to-point spectral slope between 2 keV and 2500 Å in
the restframe. The X-ray luminosities for the non-X-ray detected variable sources are
upper limits, as indicated by the blue arrows.
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Figure 3.3: Normalised histogram of  -band absolute magnitudes showing that the 3
populations of AGN sample different luminosity ranges.
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wedge within which sources are deemed AGN; the selection boundaries are shown by
the green dashed lines in Figure 3.4. While there is significant contamination in this
sample from star-forming galaxies at high and low redshifts (for more details, see Donley
et al., 2008), it is nonetheless useful to examine any overlap between the techniques. In
total, there are 6417 sources in the UDS that meet the Stern AGN criteria: 188 of theses
are also variable AGN.
When comparing the Stern and variability selected samples, it should be noted that
a source must have detections in all four IRAC bands to be selected by the Stern method.
Only 249 of the variable AGNmeet that criterion, and of these 76% are also Stern AGN.
Figure 3.5 shows the same plot as Figure 3.1 with the Stern and variable AGN that
have full IRAC detections highlighted. While the difference between those that are in
both samples and those that are only seen in the variable sample is not as strong here,
this is only because the low mass variable AGN that were seen in Figure 3.1 are not
found in the IRAC catalogue. Therefore, the variability study probes a low mass region
that is also missed by the Stern selection method.
3.1.3 Catalogue Comparison
The above comparisons have shown that the variability analysis seems to find AGN
across a wider range in stellar mass than either X-ray or IRAC selection methods. There
are a total of 185 variables in the full sample that are not detected by either of the other
selection methods, and these typically have lower stellar masses and luminosities.
While the Stern method selects the most AGN, it is also the most contaminated
sample. This contamination makes comparisons between the variable and Stern AGN
samples redundant. Therefore, when comparing the physical properties of the different
AGN samples in Section 3.2, we focus on the comparison with X-ray selected AGN.
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Figure 3.4: Stern AGN selection plot of mid-infrared colours. AGN are known to sit
within the wedge indicated.



















Figure 3.5: Stellar mass distribution with redshift showing where the Stern and variable
AGN populations sit within the parameter space. Only those variables with detections
in all 4 IRAC bands are shown here.
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3.2 Characterising AGN
3.2.1 X-ray Detected and Non-X-ray Detected Variable Sources
As mentioned in Section 3.1.1, the variable non-X-ray detected sources appear to be a
different class of AGN from the variable X-ray detected sources. When plotted on a rest-
frame UVJ colour-colour diagram (Figure 3.6), which is commonly used to differentiate
quiescent and star-forming galaxies, the variable X-ray detected sources are generally
bluer than ordinary galaxies in U-V, consistent with some AGN contribution in UV
light, while the variable non-X-ray detected sources do not show this excess UV light in
general, which might be due to a more obscured central AGN or a low-luminosity AGN
(LLAGN).
Looking into the IRAC colours of the populations beyond simply using them for
selection can also provide insight into these sources. The variable non-X-ray detected
sources are once again seen scattered through the galaxy locus in both Figures 3.4
and 3.7, while the variable X-ray detected sources are slightly offset. This adds further
weight to the idea that these populations are dominated by different types of AGN.
While we have spectroscopic redshifts for a significant fraction of the variable
sources (71 in total within the Chandra region, 56 X-ray detected and 15 non-X-ray
detected), we only have access to 20 spectra for the variable sources; 12 of these are for
the X-ray detected sources and 8 for the non-X-ray detected sources. The sources for
these redshifts and spectra were discussed in Section 2.2.
From examining the limited spectra available, we find that the spectra of variable
non-X-ray detected sources show features consistent with a different AGN population
to those of the variable X-ray detected sources. The variable X-ray detected sources
are generally found to have broad line AGN spectra (e.g. Figure 3.8), while the spectra
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of variable non-X-ray sources are typically dominated by the light of the host galaxy
(e.g. top of Figure 3.9). Among the variable non-X-ray AGN we also identify a rare
BroadAbsorption Line (BAL) quasar (Weymann et al., 1981), showing the characteristic
blue-shifted absorption in the CIV line (bottom of Figure 3.9), which suggests that NIR
variability could be effective at finding rare and interesting types of AGN. The light
curves for those objects whose spectra are shown in Figures 3.8 and 3.9 are shown
in Figures 3.10 and 3.11 respectively. It was not possible to determine any physical
characteristics of the AGN simply from examining the light curves, but, from comparing
these to the month timescale light curves that are presented in Chapter 5, we can say
that the light curves follow the characteristic red noise pattern of AGN light curves (see
Section 1.2.1).
The hypothesis that the variable non-X-ray detected sources are typically LLAGN is
given further weight by Figures 3.2 and 3.3. These figures highlight that the variables
not detected in X-rays have lower luminosities on average in the X-ray, optical and
NIR regimes than the variables that are detected in X-rays. In addition, we know
from Figure 3.2 that variable non-X-ray AGN are more X-ray quiet than the variable
X-ray detected AGN population. This leads to the conclusion that long-term NIR
variability studies can highlight populations of LLAGN that aremissed by other selection
techniques.
3.2.2 NIR-variable and non-variable sources detected in X-rays
While about half of the variable sources are detected in X-rays, there are a large number
of X-ray sources in the UDS that do not have significant variability in the NIR. Figure 2.9
shows that the majority of the X-ray sources (∼ 86%) sit within the main distribution
of non-varying sources. This raises the question: what makes the X-ray sources that do
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Variable Non X-ray AGN
Variable X-ray AGN
Figure 3.6: A rest-frame UVJ colour-colour diagram, used to differentiate quiescent
and star-forming galaxies. Quiescent galaxies are found in the top left of the diagram,
as defined by the dashed line, while star-forming galaxies and quasars are found in the
remaining regions. The plot demonstrates that the majority of the variable AGN have
rest-frame optical colours consistent with star-forming galaxy hosts.
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Figure 3.7: 3.6 - 4.5 micron colour as a function of redshift. AGN usually sit above the
galaxy locus in this space.
4000 5000 6000 7000 8000 9000








CIVSiII FeII CIIILyA NV SiIV_1393∘OIV1402LyB OVI
+ = 2.9982









CIII MgII OII Hdelta
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Figure 3.8: Spectra of two X-ray detected variable AGN. Both spectra are VIMOS
spectra from UDSz.
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+ = 3.2176
Figure 3.9: Spectra of two variable AGN that are not detected in X-rays. The top figure
shows a VLT VIMOS spectrum from VANDELS of a normal I ∼ 3 star-forming galaxy,
while the bottom figure shows a VIMOS spectrum from UDSz that reveals a candidate
BAL quasar.









































Figure 3.10: The -band light curves for the variable X-ray detected AGNwhose spectra
are shown in 3.8
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Figure 3.11: The  -band light curves for the variable non-X-ray detected AGN whose
spectra are shown in 3.9
have variable light curves different?
From looking at the same colour plots discussed in Section 3.2.1 (Figures 3.4, 3.6, 3.7),
we can see that the NIR-non-variable X-ray sources (black squares) sit separately from
the NIR-variable X-ray sources (red circles). Notably, the X-ray NIR-variables in
Figure 3.4 are mostly within the Stern wedge, but the NIR-non-variable X-ray sources
are spread throughout the galaxy locus. The X-ray sources that are found in the variable
sample tend to be high-luminosity sources (Figures 3.2 and 3.3) whose IRAC and
optical colours appear to be dominated by the AGN, while the non-variable sources
seem to be dominated by light from the host galaxy. While it may seem contradictory
that the lower luminosity X-ray AGN are less likely to be found in this variability study,
given previous works have found that lower luminosity AGN have higher variability
amplitudes (e.g. MacLeod et al., 2010; Kozłowski et al., 2016; Vagnetti et al., 2016), it
is likely that signal-to-noise ratio provides an explanation for these trends. The lower
luminosity AGN will be fainter and are more likely to be dominated by the host galaxy
in the  -band, and therefore the variability from the nucleus will be harder to detect
despite the larger amplitudes.
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3.3 A new population of AGN?
The new population of LLAGN identified by this variability analysis are relatively
faint, therefore there may be concerns that these variations are simply noise, or that
the variability indicates a different class of object (e.g. supernovae). In this section we
address these potential concerns.
3.3.1 Noise?
While the light curves of low flux objects in the survey are noisier, the self-calibrated
uncertainties applied to the data in the analysis (Section 2.2.1.4) mean that any increase
in noise at low fluxes is accounted for in the uncertainty. In addition, the threshold for
the variability selection was chosen such that only 6 false positives are expected across
the whole sample, so the entire contamination from false positives is less than 2%.
3.3.2 Supernovae?
One other source of variability is supernovae. As the timescale for supernova events
is less than one year, we can identify them by finding sources that only vary in a
single epoch. To find these, a secondary analysis was run where we removed the most
deviant point of the light curve (i.e. the furthest from the mean) and then recalculated
j2. We identified those sources that had a < 99.9% chance of being truly variable
(i.e. j2 < 15.09) after the removal, and checked these by eye to see if there was truly
one flux value that was very different to the rest of the light curve. Fifty sources that
had one significantly different epoch were identified, including one definite SN event
at I ∼ 2 (Figure 3.12). Removing these objects does not significantly change the mass
and luminosity distributions, and therefore we conclude that these light curves with
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Figure 3.12: Light curve for a potential supernova within the variable sample. The
inlaid images show the source before, during and after the flare, which can be seen as a
separate object to the left of the galaxy.
anomalous epochs are not driving the trend for variability selected AGN to be found at
lower masses and luminosities.
3.3.3 Low-Luminosity AGN?
As we have ruled out the population being down to noise or supernova contamination,
the most plausible explanation is that they are LLAGN. This explanation is reinforced
by looking at the luminosities of the sources in X-rays, optical and the NIR (Figures 3.2
and 3.3). These figures clearly show that the variable non-X-ray detected sources have
systematically lower luminosities in all three regimes.
In addition, LLAGN are expected to have higher amplitudes of variability than high
luminosityAGN. Studies in theX-ray regime (e.g. Lawrence&Papadakis, 1993;Almaini
et al., 2000; Vagnetti et al., 2016) and in the UV/optical (e.g. MacLeod et al., 2010;
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Kozłowski et al., 2016) show that the amplitude of variability is anti-correlated with
the luminosity of the AGN. LLAGN have also been found using long-term variability
selection methods in the optical and X-ray regimes (e.g. Sánchez-Sáez et al., 2019;
Young et al., 2012), therefore it is perhaps not surprising that highly variable LLAGN
are found among the low-mass host galaxies in this survey.
3.4 Summary
A comparison to other selection methods showed that only a subset of the variability
selected AGN are found in the X-ray (41%) and Stern (48%) selected AGN samples.
Within the region of the field imaged with Chandra, those X-ray AGN that are variable
tend to be in high mass, high luminosity hosts whose optical and IR light is dominated
by the AGN. In contrast, the variable AGN that are not detected in Chandra have lower
masses and luminosities, and are dominated by the host galaxy.
We have accounted for any potential contamination of the sample of variable AGN
due to noise or supernova events. In preparing the data, we removed any variations
due to PSF changes between epochs by convolving the images to match the PSF of the
worst image, and incorporated any contribution from noise within the self-calibrated
photometric uncertainties. Light curves containing the pattern of variability expected in
supernovae were identified through the secondary j2 analysis, where the most deviant
point was removed from each light curve. When these potential supernovae were
removed from the sample, the mass and luminosity distributions of the variable, non-X-
ray detected AGN remained lower than those of the X-ray AGN.
Our work builds on studies that select AGN through their optical variability (e.g.
Sánchez-Sáez et al., 2019; Pouliasis et al., 2019; De Cicco et al., 2019), but offers
the unique ability to study rest frame optical variability at high redshifts (I > 2), and
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potentially dust-obscured AGN that may be missed by optical selection. Further follow
up of the AGN identified in this study will allow a more detailed comparison.
In summary, we find that selecting AGN through just their NIR variability finds
a population of low-mass, low-luminosity, X-ray quiet AGN that would be missed
by conventional selection techniques, even deep Chandra imaging, as the variability
selection probes a wider range of masses and luminosities. Studying this population
further will allow us to develop our understanding of the structure of AGN across this
wide range of luminosities. We have also found that NIR variability can help us discover
peculiar AGN, such as the BAL quasar shown in Figure 3.9.
Chapter 4
Investigating AGN Selected Using
Long-term J-band Variability
One of the biggest advantages of the Ultra Deep Survey (UDS) is that we have photo-
metric coverage over 8 years in the -band as well as the  -band. In this chapter we
will discuss how we extended the analysis to select variables in the -band, and how the
resulting variable AGN compare to those selected using the  -band. This will allow us
to investigate how the properties of the AGN and the host galaxy can influence whether
variability is detected in a particular band.
4.1 Introduction
It is well understood that AGN selected in different wavelengths have different character-
istics (see Padovani et al., 2017, and references therein). As such, it would be interesting
to investigate if the method for selecting AGN based on long-term variability in the
 -band UDS images presented in Chapter 2 could also be applied to the -band images.
The -band is an interesting region to study as it will probe a region closer to the centre
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of the AGN than the  -band, while still probing both the restframe near-infrared at low
redshifts and optical light at higher redshifts.
Naively, one might expect to detect the same AGN in the -band, given that AGN
variability is thought to propagate outwards towards longer wavelengths. A comparison
of the populations detected at these different wavelengths could therefore test our under-
standing, both of AGN selection and the physics driving the variability. For instance, if
an AGN has significant variability in the  -band but not the -band, this could suggest
that the AGN is dust obscured and the -band light is too suppressed to detect any
variability. We will only be able to identify and investigate objects such as these by
comparing the AGN selected through variability in multiple wavebands. In addition, if
we also find X-ray quiet AGN in low-mass, low-luminosity hosts using the -band light
curves, such as those found in Chapter 3, this will strengthen the argument that the NIR
is a particularly interesting region in which to be completing AGN variability studies.
In this chapter, we first explain the refinements made to selection method following
the publication of Paper I in Section 4.2, then we repeat the comparison to X-ray AGN in
Section 4.3, before finally comparing the AGN selected in the -band to those selected
in the  -band.
4.2 Selection Method Refinements
In this Chapter, we slightly modified the selection method outlined in Section 2.3. First,
we updated the stars catalogue to the latest DR11 catalogue (see Almaini et al., in
prep), which extended star selection to fainter magnitudes. This led to 8275 stars being
removed from the catalogue, ∼ 3000 more than in Chapter 2. None of these additional
stars were within our original sample of  -band selected AGN. In addition, we imposed
an extra condition (−0.7 <  20A2B42− 0.50A2B42 < −0.5) on the shape of the stars used to
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create the point spread function (PSF) images to ensure that only point-like unsaturated
stars were included when optimising the convolution kernels. These changes led to an
improved sample of 392  -band selected variable AGN, 347 of which were also in the
sample presented in Chapter 2.
In addition, the 2006B semester had sufficient observations in the -band, and
therefore did not have to be excluded from the variability analysis. This led to -band
light curves with a total of 8 epochs. We once again used a j2 fit of the data to a non-
varying model to determine the probability than a source is variable, but the additional
epoch meant that the analysis now had 7 degrees of freedom rather than 6. In order to
be consistent with the  -band analysis, the j2 threshold used to select variables in the
-band was chosen to have the same p-value as j2 = 30 with 6 degrees of freedom,
hence the selection threshold in the -band is j2 > 32.08. The resulting distribution of
j2 versus -band flux is shown in Figure 4.1. This analysis gave a sample of 472 -band
selected variable AGN.
After a visual check of these candidate AGN, we uncovered some contamination
from cross-talk images (false images created by the readout electronics after bright
objects have been observed). The UDS DR11 catalogue identifies all possible cross-
talk locations and excludes those most likely to contaminate a galaxy measurement
(see Almaini et al., in prep), but we needed to impose more stringent cuts as cross-
talk images are likely to vary and therefore contaminate our analysis. We excluded
all variables within 2 arcsec of an identified cross-talk artefact where the predicted
magnitude of the cross-talk was > 10% of the magnitude of the variable object. This
excluded 25 of the  -band sample and 71 of the -band sample. Therefore, the final
variable AGN samples are 367  -band selected and 401 -band selected sources. The
changes to the  -band sample did not substantively change the results presented in
Chapter 3.
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Figure 4.1: j2 against mean  band flux for all the objects in the UDS field that are
observed in all 8 semesters; the green line indicates the selection threshold.
4.3 Comparison to X-ray AGN
As an initial analysis of these new -band selected variable AGN, we repeated the
comparison of X-ray and variable AGN presented in Chapter 3. We once again restricted
the sample to the region imaged with Chandra, which left 182 variables of which 67
(37%) were in the Chandra catalogue. This is a comparable percentage to that found
in the  -band (42%). Figure 4.2 shows that the -band analysis also finds a population
of low-mass AGN not seen in X-rays. In addition, Figure 4.3 shows that the variable
non-X-ray AGN once again have generally lower luminosities than either the variable
X-ray AGN or the non-variable X-ray AGN, and the IRAC colours (Figures 4.4 and 4.5)
are also similar to their  -band equivalents (Figures 3.4 and 3.7). Finally, Figure 4.6
shows that the -band variable AGN are also systematically more X-ray quiet than the
X-ray AGN.
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Figure 4.2: Stellar mass distribution with redshift for -band variables in Chandra
region. This is the same as Figure 3.1 but for the -selected variables.
Figure 4.3: Normalised  -band absolute magnitude distributions for -band variables
in the Chandra region. This is the same as Figure 3.3 but for the -selected variables.
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Figure 4.4: AGN selection plot using mid-infrared colours for -band variables, based
on the method of Stern et al. (2005). AGN are known to sit within the wedge indicated
by the green dashed line at low redshifts. This is the same as Figure 3.4 but for the
-selected variables.
Figure 4.5: 3.6 - 4.5 micron colour as a function of redshift for the -band variables.
AGN usually sit above the galaxy locus in this space. This is the same as Figure 3.7 but
for the -selected variables.
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Figure 4.6: Monochromatic X-ray luminosity at 2 keV against monochromatic optical
luminosity at 2500 Å for the -band selected variables. The solid line indicates where
U$- = 1, and the dashed line shows U$- = 2, where U$- is the point-to-point spectral
slope between 2 keV and 2500 Å in the restframe. The X-ray luminosities for the non-
X-ray detected variable sources are upper limits, as indicated by the blue arrows. This
is the same as Figure 3.2 but for -selected variables
These results are all comparable to the  -band results, and show that selecting
AGN based on long-term -band variability also finds X-ray quiet AGN in low-mass,
low-luminosity host galaxies.
4.4 Comparison to K-band Selected Variable AGN
Now that we have a sample of variables that were selected in the  -band and a sample
selected in the -band it would be interesting to investigate if there is anything systemat-
ically different about the populations each band selects. If we combine the two datasets,
we have a total of 595 variables. In this section we will compare three populations;
those that are only selected as variable in the -band (230), those selected as variable
in the  -band (188), and those that are variable in both the - and  -bands (177), this
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Figure 4.7: Venn Diagram of Selection Band Populations
split is visualised in Figure 4.7.
While we have shown that in both bands the variability selection finds AGN in
low-mass host galaxies, Figure 4.8 shows that the 3 populations sit in slightly different
regions when stellar mass is plotted against redshift. To examine this difference more
closely, Figure 4.9 shows stellar mass histograms in four redshift bins, and it is clear from
these that the -band selected variables have lower mass host galaxies on average than
either the  -band or both bands samples across the full range of redshifts. In particular,
at low redshifts (I < 1) there is a population of high-mass (stellar mass > 1010")
variables that are mainly selected in the  -band or both bands but not in the -band.
These mass differences imply that the AGN selected as variable in different bands
have different properties. To investigate this further, we first looked at the available
spectra for the variable AGN. Unfortunately, we only have access to spectra for 21 of
the variable AGN, which comprises 12 selected in both bands, 7 selected in just the
 -band, and 2 selected in the -band only. These spectra are shown in Figure 4.10.
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Figure 4.8: Stellar mass - redshift plot with the selection band samples indicated.
Figure 4.9: Stellar mass distributions for selection band samples in redshift bins.
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From visual inspection, we can see that the variables selected in both bands tend to
show the strong broader emission lines that are typically associated with quasars, and
the  -band selected population tend to have weaker narrow lines or standard galaxy
spectra. The two -band spectra have few distinguishing features; one is at a redshift
where there are few lines to detect (I = 1.53), while the other (I = 3.98) appears to be
galaxy dominated.
While the spectra showed a tantalising hint that there is a fundamental difference
between the AGN selected in each band, there were only a small sample of spectra
available, so we needed to look for confirmation using photometric diagnostics. In
Figure 4.11, we show that the three sets of variable AGN sit in different regions of a
restframe UVJ colour-colour diagram, which is commonly used to differentiate passive
and star-forming galaxies. The -band selected group are mostly found at the bottom left
of the diagram, suggesting that they are primarily hosted by blue star-forming galaxies.
The AGN that are variable in both bands sit below the star-forming region, on average,
and are where we would expect to find quasars (i.e. AGN dominated SEDs, which
are very blue in U-V). Finally, the  -band selected group are scattered throughout the
regions where you would expect galaxies to sit, with more galaxies in the region where
you find passive galaxies and dusty star-forming galaxies (towards the top) than either
of the other two samples.
We know that the objects we have selected are likely to have light with a significant
AGN contribution, as this is what allowed us to detect their variability, but this could
affect where the host galaxies sit on a UVJ diagram. As such, we wanted to investigate if
the position of a host galaxy changes if the aperture size used to calculate the magnitude
is changed. Unfortunately, it was not possible for us to do this for the UVJ diagram,
as the restframe magnitudes in the UDS DR11 catalogue were only calculated for one
aperture size, therefore we used a BzK diagram (Lane et al., 2007; Daddi et al., 2004)
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Figure 4.10: VIMOS and FORS2 spectra for the variable AGN. Redshifts are shown in
the inset text. Yellow indicates the AGN was selected in both bands, purple indicates
selection in the  -band, and green indicates selection in the -band.
4.4. Comparison to K-band Selected Variable AGN 59
Figure 4.10 (cont.)
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Figure 4.10 (cont.)
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Figure 4.10 (cont.)
Figure 4.11: Restframe UVJ colour-colour diagrams for each of the three populations.
These diagrams are typically used to differentiate quiescent and star-forming galaxies,
with quiescent galaxies expected to lie in the top left of the diagram, as indicated by the
dashed line.
4.4. Comparison to K-band Selected Variable AGN 62
Figure 4.12: Explanation of the BzK diagram taken from (Lane et al., 2007). For above
z=1.4, sBzK indicates the region where star-forming galaxies sit, while pBzK indicates
where passive galaxies can be found. The tracks are for the model SEDs, branch 1 is
where passive galaxies at low redshift sit, branch 2 is the stellar branch.
which can differentiate passive and star-forming galaxies using apparent magnitudes.
An example BzK diagram in shown in Figure 4.12 (taken from Lane et al., 2007), where
the dividing lines indicate the regions star forming (sBzK) and passive (pBzK) galaxies
at I > 1.4 sit and the tracks show how galaxies evolve with redshift in this colour space;
the track labelled E/S0 is of particular interest as it shows where we would expect to
find passive galaxies. Figure 4.13 shows the BzK diagram for each of the samples
of variables; the aperture size used increases as you move down the sub-plots. It is
noticeable here that the  -band selected population once again have more host galaxies
in the passive regions of the diagram, and as the aperture size increases more galaxies
move onto the passive galaxy track. This change with aperture size shows that the light
from the centres of these galaxies is dominated by the AGN emission.
This is further evidenced when we plot a BzK diagram where the magnitudes are
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determined from the difference between the flux in the smallest aperture (0.7 arcsec)
and the flux in the largest aperture (3 arcsec), as is shown in Figure 4.14. Here we
can see that there are clearly a larger number of  -band variable sources in the passive
regions of the diagram. As the  - I position is a clear indicator of whether a galaxy
is on the passive track, we ran a series of KS tests comparing the  - I distribution
of the  -band variable sample to the distributions of the -band variable sources and
the sources that are variable in both bands. In both cases the  -band distribution was
significantly different with p-values of 1.07×10−8 and 3.75×10−6 respectively. It is also
worth noting that the  -band  - I distribution was also significantly different from the
underlying distribution of galaxies (p-value of 1.16 × 10−13), while the -band variable
and those variable in both bands were not significantly different from either each other
or the underlying galaxy population. These tests show that the  -band variable sources
are sitting in host galaxies that occupy the more passive regions of the BzK diagram.
4.5 Discussion
From combining the samples of AGN selected through long-term - and  -band vari-
ability, we have identified three populations of AGN; those selected in both bands, those
selected just in the -band, and those selected in just the  -band. One explanation for
the different populations could be that there is a natural spread in variability amplitudes
in the sample; some AGN will vary more in  than  and vice versa. To test if there is
a distribution of variability amplitudes around a f = f relationship, where f is the
amplitude of variability in the indicated band, we computed variability amplitudes using
the maximum likelihood method described in Almaini et al. (2000). Figure 4.15 shows
these amplitudes of variability for the three samples of variable AGN. On average, the
AGN vary more in the -band than the  -band, as you would expect from the reprocess-
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(a) 0.7 arcsec aperture
(b) 1.0 arcsec aperture
(c) 1.5 arcsec aperture
(d) 2.0 arcsec aperture
(e) 3.0 arcsec aperture
Figure 4.13: BzK diagrams for the three populations. Aperture size increases from
(a)-(e).
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Figure 4.14: BzKdiagrams for the three populations. In this version themagnitudeswere
calculated using the difference between the largest aperture (3 arcsec) and the smallest
aperture (0.7 arcsec). This should remove the majority of the AGN contamination.
ing model as amplitudes decrease as wavelength increases. The -band sample clearly
have higher amplitudes in  and, on average, the  -band sample have larger amplitudes
in  , as expected. From these amplitude comparisons it would appear that the different
populations are just due to selection effects, as some AGN naturally vary more in one
band than the other, but the observational differences presented in Section 4.4 suggest
that there are some fundamental differences influencing what band the AGN are selected
in.
A potential explanation is that a subset the AGN that only vary in the  -band are
in dusty host galaxies. The dust in these host galaxies would absorb the -band light,
obscuring any variability. This hypothesis is supported by Figures 4.11, 4.13, and
4.14 which all show the  -band selected variables in the dusty and passive regions.
Helpfully, the UDS has also been observed in 24`< using Spitzer, therefore we can
examine whether the  -band variable AGN do appear dustier.
For this comparison, we restricted the sample to only the brightest ( ≤ 21) variables
as fainter objects would not have Spitzer detections. We found that the variables detected
in both bands are most likely to be detected in 24`< (51%), followed by the  -band
with 38%, and finally only 25% of -band detected variable AGN are also detected in
the Spitzer 24`< imaging. We suspect that a higher proportion of AGN that vary in
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Figure 4.15: Comparison of amplitudes of variability between - and  -band for the
combined variable AGN sample. The variables with amplitudes of 0 are plotted as limits
to allow the axes to be shown as log scales. The black line indicates f = f .
both bands are detected in Spitzer as these variables tend to be the brightest sources.
However, while the -band are not themost likely to be detected in 24`<, they do appear
reddest, as shown in Figure 4.16. This adds weight to the suggestion that variability is
not detected in the -band as this nuclear emission is obscured by dusty host galaxies.
This dust must be within the host galaxy, not on AGN scales as the colour diagnostics
we have used to reach this conclusion examine the host galaxy colours.
4.6 Summary
In this chapter, we have presented the results from extending our variability selection
method to select based on long-term -band variability. We showed in Section 4.3
that the -band selected sample produces similar results to those presented in Chapter
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Figure 4.16: -band magnitude - 24`< magnitude against  -band magnitude for the
brightest objects ( ≤ 21) in the three populations of variable AGN. The filled symbols
indicate the source has a 24`< detection, the open symbols with arrows indicate that
the source is not detected in 24`< and therefore the value has been calculated as an
upper limit. The higher values of  − 24`< indicate that the source is redder.
3, i.e. that selecting through long-term NIR variability finds a sample of X-ray quiet
AGN in low mass, low luminosity host galaxies that would be missed by other selection
techniques. However, if we compare the - and  -band selected samples we find that
there are significant differences between the selected AGN.
The variables that are only detected as variable in the  -band are particularly
interesting, and analysis suggests that they are hosted in dustier galaxies than those
detected either only in the -band or in both bands. This means that the lack of variability
in the -band could be due to the -band light being obscured by dust. From this, one
would conclude the  -band is a particularly interesting band in which to select AGN
using long-term variability as this can find rare populations and potentially obscured
AGN. On the other hand, we find significantly more variables using the -band light
curves, most likely due to the higher variability amplitudes in this band. The combined
sample should therefore provide the most complete variability-selected sample.
Chapter 5
Infrared lags in the light curves of AGN
In this chapter, we extend the light curve creation outlined in Section 2.2.1 to generate
month timescale light curves. We will compare the resulting - and  - band light curves
to determine if the variability is correlated between the bands, in addition to discovering
if there are any time delays between the light curves if they are correlated. The work
presented in this chapter was published in Paper II.
5.1 Introduction
The central regions of most Active Galactic Nuclei (AGN) are almost impossible to
resolve with current observational techniques, so less direct measures have been used to
infer information about their structure. In particular, if the emission from the AGN is
varying significantly, then delays or "lags" in the variability between different wavebands
can be interpreted as arising from the reprocessing of energy emitted near the centre of
the AGN, with, in the simplest picture, the lag representing the extra light travel time
for the reprocessed emission (e.g. Sergeev et al., 2005; Cackett et al., 2007). If the
environment becomes cooler at larger distances from the AGN, one might expect the
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lags to become larger when emission is reprocessed to longer wavelengths, as indeed
has been observed in quite a number of low-redshift AGN. For example, Arévalo et al.
(2008, 2009) investigate lags between the X-ray and optical light curves, while Sergeev
et al. (2005) and Edelson et al. (2015) examine optical lags relative to the ultraviolet,
uncovering clear evidence for time delays on timescales ranging from hours to days.
It would be very interesting to push such analyses to longer wavelengths, as one
might expect any reprocessing in the near-infrared (NIR) to be occurring in the putative
outer dusty torus that perhaps joins on to the inner accretion disk (Koshida et al., 2009).
Indeed, work that has been done at these wavelengths suggests longer lags between
optical and NIR, though the difficulty of such observations and the heterogeneity of the
small number of sources observed has yielded lags ranging from a few days (e.g. Lira
et al., 2015; Shappee et al., 2014) to months (e.g. Lira et al., 2011; Oknyansky et al.,
2014; Koshida et al., 2009). Ideally, one would want a much larger sample of AGN
observed homogeneously and at high quality over years in both the infrared and the
optical, in order to study this phenomenon systematically across the population.
Fortunately, the United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky
Survey (UKIDSS) Ultra Deep Survey (UDS), provides the ideal data set for a study of
this kind (see Chapter 2 for full details on the survey). The survey obtained data in both
 and  infrared bands, and over a wide range in redshift (0.2 < I < 1.2) these bands
correspond to rest-frame optical (_ < 1`m) and near-infrared emission respectively, so
comparing the two bands would allow any lag between these wavebands to be measured.
To this end, we have extracted photometry for a sample of variable AGN from the -
and  -band UDS DR11 observations. In Section 5.2 we describe the sample selection
and the cross-correlation method used to determine lags. In Section 5.3, we present the
detection of a systematic lag in these data, and how it depends on AGN redshift and
luminosity. The implications of these measurements are discussed in Section 5.5.
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5.2 Data and Analysis
The AGN used in this study were selected based on their variability, using the method
described in Section 2.3, where a source is considered variable based on a j2 comparison
to a non-varying light curve. In the current work we extend the method to both the -
and  -band data, co-adding images into deep stacks corresponding to eight years of
observations. This analysis yielded an initial total of 595 variable sources, 177 of which
were identified as variable in both bands. However, this binning is too crude to search
for variability on shorter timescales, so we also produced photometry for the AGN based
on month-long snapshots. The lower signal-to-noise level of these shorter observations
meant that the fainter sources were too noisy for the subsequent analysis, so we imposed
a more stringent variability cut than was used in Section 2.3 of j2 > 100, leaving a
total of 94 variable sources. We have spectroscopic redshifts for 72 of these sources,
and used photometric redshifts for the remaining 22 AGN (see Section 2.2). We note,
however, that excluding the objects with photometric redshifts has no significant impact
on the results presented below.
The Wide Field Camera (WFCAM; Casali et al., 2007) on UKIRT is made up of 4
separate cameras (see Section 2.2) which each produce slightly different quality images.
This difference is not significant in the yearly stacks, as it averages out over the number
of observations, but it is noticeable on these shorter timescales. Therefore an additional
adjustment to the selection method outlined in Section 2.3 as applied in Section 4.2 was
required. This step involved dividing the images into quarters and then running the same
convolution as described in Section 2.2.1.2 on these quarter images to homogenise this
differing image quality. As observations were not evenly distributed over the survey
period, the number of observations compiled into the month stacks ranges from 4 to
214 with an average of 36 for the -band and 50 for the  -band stacks. The resulting
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variety of image depths is accounted for in the estimation of photometric uncertainties
(see Section 2.2). Using these calibrated uncertainties, we find that the S/N of an object
with an AB  -band magnitude of ∼ 22 (the faintest magnitude in the sample) in the
month snapshots ranges from 2.7 to 15.8, with a mean S/N of 10.1 in the  -band and
7.2 in the -band.
The resulting  and  band light curves for one of the brighter sources are shown
in Figure 5.1. There is clearly a strong signature of correlated variability in both bands,
and even a tantalizing hint of a lag between the two, but when we sought to quantify it
using the discrete correlation function (DCF) as described by Edelson & Krolik (1988),
there proved to be insufficient signal in the individual light curves to robustly quantify
their lags. Fortunately, the linear nature of cross-correlations means that we can add
together the DCFs from individual light curves, after subtracting their mean values and
normalizing them, to calculate their ensemble properties. The only other adjustment that
has to be made is to adjust the individual objects for cosmic time dilation, so each light
curve is measured in its temporal rest frame; this adjustment had the collateral benefit
of smoothing the temporal sampling in the stacked data, eliminating any possibility
of residual systematics from the observational sampling. The errors on the DCF are
estimated by bootstrapped resampling of the light curves 1000 times.
If there is a lag between the two light curves, then the peak in the DCF will be offset
from zero. To quantify this effect, following Edelson & Krolik (1988), we adopt two
measures of the location of the cross-correlation peak. First, we fit a parabola around the
highest single value in the DCF to determine the true location of the peak, gpeak, with an
error estimated from the bootstrap analysis, as the width of this peak corresponds to the
characteristic timescale of variability rather than the error. After experimenting with this
fitting, we found that the most robust range to fit this parabola over was −7 to +7 months.
Second, we calculate the centroid of all points where DCF > 0.5 × DCFmax, gcent,
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Figure 5.1: Illustrative - and  -band light curves for an object with high j2 variability.
The  -band light curve is normalised by the mean flux. The -band data have been
offset by 0.4 in normalised flux for clarity.
with an error estimated from the standard error on this mean value. These quantities
are complementary in that if there is any structure in the correlation between the bands,
gpeak is a measure of the modal lag between the two light curves, while the gcent measures
the mean lag.
5.3 Results
We start with an analysis of the full set of 94 light curves, before going on to subdivide
the sources by various criteria (see Table 5.1). The resulting stacked DCF is presented in
Figure 5.2. It is apparent that the peak is offset in the positive sense from zero, implying
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Subset Number of Variable AGN
j2 > 100 94
I ≥ 1.2 46
I < 1.2 41
−21.1 > " ≥ −24.0 22
−24.0 > " ≥ −26.4 19
Table 5.1: The number of variable AGN used to create the discrete correlation functions
shown in Figures 5.2-5.4. The total number in the redshift subsets does not add up to
94 as 7 objects were removed due to large uncertainties in their photo-z estimations.
that the  -band light lags behind that in the -band, as predicted. Quantitatively, we find
gpeak = 0.7 ± 0.2 months and gcent = 0.9 ± 0.3 months, so both metrics are statistically
significant at the 3f level. These results illustrate the well-known strength of cross-
correlation analysis in detecting signal at, or even below, the binning level, though we
note that cosmological time dilation means that the light curves are actually sampled on
significantly shorter timescales.
One effect that we might expect to dilute the signal in Figure 5.2 originates in the
wide range of redshifts in the data stacked together. For the lower redshift sources,
while the -band data typically represents optical emission, the  -band comes from
the rest-frame infrared, providing the signal we are looking for. However, at higher
redshifts, both infrared bands were emitted in the rest-frame optical, for which, as
discussed in Section 5.1, lags are shorter. To test for this effect, Figure 5.3 shows the
stacked DCFs divided into two, with the division at I = 1.2 representing the approximate
point at which the observed  -band corresponds to rest-frame optical light (< 1`m ).
Indeed, as predicted, the lags are significantly longer in the low-redshift regime where
we are comparing rest-frame optical and infrared emission. It is also notable that the
low-redshift DCF peak shows a distinct asymmetry with a longer-lag shoulder, which is
further emphasized by the difference between gpeak and gcent. There is clearly information
here regarding the structure of the emitting region, although a detailed analysis of this
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τpeak = 0.7 ± 0.2
τcent = 0.9 ± 0.3
Figure 5.2: The stacked discrete cross-correlation function between - and  -band data
for the 94AGN selected from theUKIDSSUDS. Twomeasurements of the characteristic
lag are shown (in months). The parabola shows the fit used to calculate gpeak (shown as
an orange dashed line). The blue dash-dot line shows the centroid shift, gcent.
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τpeak = 1.5 ± 0.3
τcent = 2.7 ± 0.3
−20 −10 0 10 20
Lag (months)
z ≥  1.2
τpeak = 0.6 ± 0.2
τcent = 0.9 ± 0.3
Figure 5.3: The stacked discrete cross-correlation function, as in Figure 5.2, but with
the AGN divided into two groups based on whether above or below a redshift of I = 1.2.
Two measurements of the characteristic lag are shown (in months).
transfer function would require more data.
One further test that we can apply to this analysis comes from noting that one would
generically expect that more luminous sources are physically larger, so the lags might
be expected to also be larger for the intrinsically brighter sources. Figure 5.4 shows
the DCFs obtained when the lower-redshift sources are separated at a  -band absolute
magnitude of " = −24, this divide was chosen as it roughly divides the AGN into
equal bins. As is apparent from this figure, the more luminous sources do, indeed, show
significantly longer lags, with the asymmetric shoulder discussed above particularly
clear in these objects.
Interestingly, however, if we repeat this analysis using just the higher-redshift sources
(where we are comparing emission just in the rest-frame optical), we find a lag of ∼ 1
month at high luminosities, which is not what we would expect from previous studies
of AGN in the rest-frame optical light, which find lags of ∼ 1 day (e.g. Sergeev et al.,
2005; Edelson et al., 2015). Therefore, the structure is potentially more complicated
than the simple picture we have considered here.
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τpeak = 0.8 ± 0.2
τcent = 2.1 ± 0.3
−20 −10 0 10 20
Lag (months)
−24.0>MK≥ −26.4
τpeak = 1.8 ± 0.5
τcent = 3.9 ± 0.3
Figure 5.4: The stacked discrete cross-correlation function, as in Figure 5.2, but with
the low-redshift AGN divided into two groups based on whether their  -band absolute
magnitude is fainter or brighter than" = −24. Twomeasurements of the characteristic
lag are shown (in months).
5.4 Physical Implications
In order to further understand what physical processes could produce the ∼ 1 month lags
presented in Section 5.3, we assumed a simple toy model where a central source varies
and illuminates a disk radius on light-travel timescales (e.g. Collier et al., 1998). We
assume that the disk radiates as a black body, and therefore the temperature of the disk
can be determined using Wien’s law. The temperature can then be related to a radius
using












where A is the radius the emission comes from, ¤" is the accretion rate, ¤" is the
Eddington rate, " is the black hole mass, " is the mass of the sun, and '( is the
Schwarzschild radius. Once the emission radius has been determined for each band (
and  , taking redshift into account), the light travel time between the two radii can be
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calculated. If this model is correct, the lag will be the same as the light travel time.
If we assume a black hole mass of 107", an accretion rate of 0.1 ¤" , and a redshift
of 0.5, which is approximately the middle of our low redshift bin, this model would
predict lags of 0.046 months. For I = 1.5 this reduces to just 0.023 months. Both
of these values are more than one order of magnitude away from the measured lags in
their corresponding redshift bins. As might be expected, this demonstrates that there is
something more complicated occurring to produce lags on month timescales.
Previous studies such as Lira et al. (2011) have studied the light curves of individual
AGN in great detail. A significant advantage of these studies is that the properties of
the AGN (such as the black hole mass) are known, therefore the modelling can be more
precise. While Lira et al. (2011) primarily compares lags between NIR bands and the
 band, if we look at the difference between the  −  lag and the  −  lag we can
infer that they would see a lag of ∼ 35 days between the  and  bands in NGC 3783
(Table 3, Lira et al., 2011). This is directly comparable to our results as NGC 3783 has
a black hole mass of 3×107". They attribute this extended lag to two sources, as their
DCF peak is extended in a similar manner to the low redshift DCF presented in Figure
5.3; short-term variations that follow the optical variability of the accretion disk, and
long-term variations caused by the dusty torus. Models of the dust sublimation radius in
NGC 3783 support this theory as the radius is in good agreement with to optical-to-NIR
lag length. As NGC 3783 is comparable to our low-redshift sample, we can postulate
that the ∼ 1 month lags, and the extended structure seen in this DCF peak, is likely to
be due to contributions from the dusty torus.
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5.5 Summary
There is a wealth of information on the structure of AGN to be found in their light
curves, and the lags in variability between wave bands. The near infrared offers a
potentially important perspective, as it may probe out to the dusty toroidal region that
surrounds an inner accretion disk, but observationally it has proved challenging to study
for long enough periods and for a sufficient number sources to learn much about the
overall population of AGN. Here we have shown that the UKIDSSUDS offers a different
window on this probe: the period over which it was obtained spans the timescales of
interest very nicely, while its depth means that, even within its relatively small field, we
can detect orders of magnitude more variable AGN than previous studies of individual
targets. We have also shown that even where there is not sufficient signal to learn
much from individual sources, stacking such consistent data together provides a strong
ensemble signal. This analysis confirms that there is, indeed, a significantly longer lag
between optical and infrared light than between optical bands, and that the length of the
lag increases with the luminosity of the source as we might physically expect.
We also see clear indications of structure in the stacked DCFs, indicating that there
is still more evidence to be found in data obtained in this way; the fact that this structure
does not average away when derived from such stacked data implies that it is a generic
feature of these objects rather than a peculiarity of any particular source. Detailed
modelling of this signal, and its implications for AGN structure, is beyond the scope of
this work. However, we have demonstrated that there is an interesting signal here that
is worth modelling and investigating further. Significant progress in this area requires
larger areas or deeper data than the UDS supplies, to beat down the remaining noise
in this generic signal, and to allow more nuanced subdivision of the data. Upcoming
infrared surveys (e.g. the Euclid deep fields and VEILS: Laureijs et al., 2011; Hönig
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et al., 2017) will potentially allow us to do exactly this analysis, but only if it is considered
in the survey design, for example in defining how the target region is imaged over time.
Chapter 6
Conclusions and Future Work
Variability has been a known characteristic of AGN since their discovery, although the
origins of the variations are still hotly debated. These variations in the light curves of
AGN allow us to probe the innermost regions of AGN, and have been successfully used
in optical and UV wavelengths to select AGN from survey catalogues. The UKIDSS
UDS presents a rare opportunity to investigate whether selecting AGN via variability
can also be undertaken in the NIR. The timescale of variability in AGN increases with
wavelength, resulting in month-to-year timescales in the NIR, so NIR data must be taken
over 5-10 years in order to sample the light curve sufficiently to study AGN variability.
In this thesis, we have shown that AGN can be selected through long-term variability in
both the - and  -bands, and that selecting AGN in this way uncovers rare populations
of AGN in addition to expanding our understanding of variability mechanisms.
6.1 Conclusions
The NIR is a particularly interesting region in which to study AGN as it probes the
rest-frame optical at high redshifts as well as the rest-frame NIR at low redshifts. This
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means it has the rare ability to investigate the edges of both the accretion disk and the
dusty torus, as assumed in the unified model of AGN. Historically, the NIR has not been
well studied as there is dip in the AGN SED at these wavelengths (Figure 1.3), caused
by a decrease in light emitted from the accretion disk before the torus emission begins
to contribute. In addition, NIR wavelengths are hard to observe as the sky background
is orders of magnitude brighter than the optical sky background. However, with a
sufficiently deep survey, interesting information can be obtained from these sources
even in this less luminous region of its SED. Variability is also a powerful tool to further
our understanding of the innermost regions of AGN, and combining these two probes
has allowed us to investigate AGN physics in a unique way.
In this thesis, we have shown that the UDS is the perfect survey for selecting AGN
through their NIR variability, due to its long baseline of observations and deep imaging.
We showed that this could be done in the -band in Chapter 2, alongwith the preparation
steps required to make sure any variation detected came from the object and was not
due to any systematic errors in the data. In Chapter 3, we then discussed how the AGN
selected in this manner compared to those selected by more traditional methods, in
particular through deep Chandra imaging. We concluded that selecting AGN through
only their  -band variability had allowed us to discover a population of X-ray quiet
AGN in low-mass, low-luminosity host galaxies, that would have been missed by both
deep X-ray imaging and mid-infrared colour selection techniques.
Having established that selecting AGN using  -band light curves is possible, and
shown that selecting AGN this way helps us create a more complete census of AGN
in the universe, we decided to extend this selection into the -band. This served the
dual purpose of establishing whether the same population could be found using a bluer
waveband, and allowing us to compare the sources selected in each band to see if certain
AGN vary more in one band than the other. This analysis was discussed in Chapter 4,
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where we showed that we find similar X-ray quiet AGN in low-mass, low-luminosity
host galaxies, but the host galaxies differed depending on which band the AGN was
selected in. In particular, some of the  -band only selected variable AGN seem to be
obscured AGN.
Once we had a combined sample of AGN selected in either the - or  -band, we
could then directly compare the variability of the AGN between the bands. In order
to make any meaningful comparisons, we first needed more epochs in our light curves.
While the semester light curves capture the majority of the long-term variations, we
wanted to be able to investigate differences on timescales of approximately one month,
as this is the scale where previous studies had found lags between - and  -band light
curves. Therefore, we adapted our data preparation steps to create an epoch for each
calendar month of UDS observations. These light curves were sufficiently well sampled
for us to run a cross-correlation analysis on our - and  -band light curves. While
there was insufficient signal in any single pair of light curves, running a stacked cross-
correlation on the light curves of the 96 variable AGN with j2 > 100 showed that the
 -band variability lagged the -band light at all redshifts, but this lag was longer at low
redshifts.
These lags are longer thanwould be expected from a simplemodelwhere an accretion
disk is illuminated by a varying central source, but are consistent with previous work
on NIR inter-band lags at low redshifts. This is the first time that an investigation of
this kind has been done on a large enough sample of NIR light curves to show that
these long lags occur across a sizeable population of AGN, not just in one or two cases.
In previous studies, extended lags were thought to show that the light is at least partly
originating in a dusty torus. This discovery has implications for AGN physics, as it may
imply an additional delay in reprocessing the light into the NIR emitting dust. There
are also hints at underlying structure in the shapes of the cross-correlation functions,
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suggesting that further investigations of these cross-correlation results could shed light
on the transition from accretion disk to dusty torus. However, a deeper, better sampled
survey will be required to robustly investigate these theories.
Overall, this thesis has shown that studying variability of AGN in the NIR provides
a new and unique probe of AGN physics. We have shown that we can find AGN that
would be missed by other techniques, and that studying the properties of these AGN
can develop our understanding of their inner workings, and how the host galaxy can
influence how we observe the variability.
6.2 Future Work
The work completed in this thesis was the first to select AGN using NIR variability, and
has shown that this offers a new way to investigate AGN physics. There is still a wealth
of information available in the UDS data; for instance, we only briefly touched upon
examining the amplitudes of variability. In addition, the month light curves created for
Chapter 5 could be used to search more systematically for supernovae within the UDS
field, similar to the candidate we discovered serendipitously.
A major route in continuing the studies presented here would be to complete spec-
troscopic follow-up for the majority of the sample. Comparing the spectroscopic clas-
sifications of the AGN, depending on the band in which they are selected, could further
the observations made in Chapter 4. This follow up would be a non-trivial undertaking
as the most interesting sources to observe are the low-luminosity, low-mass objects.
These sources will be faint and therefore a large telescope will be required. In addition,
a multi-object spectrograph with a reasonably large field of view would be required in
order to efficiently observe a large proportion of the sample.
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The main point we would like readers to take away from this thesis is that NIR
variability is a unique probe of AGN structure, and as such future NIR surveys should
be designed with sufficient cadence to investigate AGN light curves. There are hints at
details about the structure of the edge of the accretion disk and start of the torus in the
DCF functions shown in Chapter 5, but it will not be possible to drill further into this
without better sampled light curves over a similar period. Plans for future NIR surveys,
such as Euclid, currently include deep fields that will be visited often over a period of a
few months, but, in order to develop studies of this kind, these fields need to be observed
regularly over a number of years.
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